Reviewing the electron microscopic appearances of virus-infected ceils, Bernhard (1) has concluded that in addition to changes characteristic of individual viruses, there are often changes that are non-specific in the sense that they are seen with many different viruses and also when cell damage is produced by other agents. Such changes include margination of chromatin, disruption of the nuclear membrane, mitochondrial swelling, vacuolizafion, and appearance of microbodies or myelin figures in the cytoplasm. Cell death when it occurs is the most striking and important result of virus infection (2) and the mechanism or mechanisms by which it is brought about deserve close investigation.
One mechanism about which information is accumulating is activation of lysosomal enzymes, which occurs under a wide variety of conditions (3, 4) and which can lead to cell death, for instance, in leucocytes exposed to streptolysin (5) . Severe eytotoxic effects following lysosomal damage are also seen when cultured cells are exposed to anthracene or porphyrin, which are selectively taken up by lysosomes, and the cells are then illuminated by monochromatic light of wavelength efficiently absorbed by the photosensitizing agent (6) . The membranes of the lysosomes immediately became permeable, and release of lysosomal enzymes rapidly brings about cell death. Allison and Sandelin (7) found release of hydrolytic enzymes from lysosomes in mouse liver cells infected with hepatitis virus and monkey kidney cells infected with vaccinia virus. The main question to be resolved is how lysosomal changes are related to those occurring in other systems. One approach to the problem is a comparison of enzyme distributions in the same cells infected with cytopathic viruses and with related non-cytopathic viruses, by which a number of variables are controlled.
In the investigation here reported the distributions of lysosomal enzymes in chick embryo cells were analysed before and after infection with fowl plague virus, a cytopathic avian strain of influenza A virus, and a strain of influenza A derived from the original Melbourne strain. This strain can be serially propagated in chick embryo cell cultures in the absence of serum without any observable cytopathic effects. The hemagglutinin titers approach those of fowl 477 plague virus in the same system, but the titers of infectious virus are much lower than those obtained with fowl plague virus. Hence the comparison is imperfect, but nevertheless shows some interesting features. Morgan and Rose (8) have already drawn attention to the variability in cytopathic effects of influenza viruses in chick embryo chorioallantoic cells. Morphological evidence of damage from infection by viral strains which are well adapted to chicken embryos, for example PR8 and Lee, was observed in only a small proportion of cells when dilute inocula were used, even though the viruses multiplied to full infectivity and hemagglutinin titers and undamaged cells showed abundant virus particles on their surfaces. More extensive cell damage was observed when the same viruses were passed in the form of undiluted chorioallantoic fluid. This fits in with some of our observations now recorded.
Materials and Methods
Cells. Preparation of Homogenates.--Pools of 4 bottles containing normal or infected cell monolayers were used for each experiment. After removing the maintenance medium for titration of fiberated virus, the cells were washed with saline solution. Gey's solution diluted I:I with distilled water was added before mechanical detachment and recovery of cells. Cells were homogenized for 2 minutes at ice-melting temperature under standard conditions using a Potter-Elvehjem apparatus provided with a teflon pestle with 0.0025 inches clearance, rotating at 200 l~Z~. The homogenate was centrifuged 15 minutes at 2000 g at 4°C. The deposit (nuclei and cellular debris) was discarded and the supernatant was centrifuged for 1 hour at 12,000 g in a refrigerated centrifuge. The two fractions, supernatant and resuspended particulate (mitochondria and lysosomes), were used for enzyme assays.
Enzyme Assays.--These were carried out by conventional techniques (9) . Acid Phosphatase.--2. Viral RNA was extracted from a suspension of crystalline EMC virus prepared as described by Faulkner a a/. (15) .
OBSERVATIONS
Growth of fowl plague and MEL viruses in chick embryo cell cultures was estimated from measurements of hemagglutinin and infectivity titers 12 hours after infection, as shown in Table I . The results in Tables II and III summarize some of several enzyme analyses in infected cells. The lysosomal enzymes which were measured in uninfected chick embryo fibroblast preparations were present mostly in the particulate fraction, as previously found by de Duve and others (3, 4, 7) in many different tissues. At 6 and 18 hours after the infection with fowl plague virus there was a progressive increase of the activities in the supernatant while very slight variations were found in the particulate fraction. No significant changes were found after infection with MEL virus. In order to interpret the increase of enzymic activities, further investigations were carried out. In a first group of experiments normal cells and cells 18 hours after infection were tested for total acid DNAase activity (both soluble and particulate fraction) before and after treatment with Triton X 100, a non-ionic detergent which fully activates lysosomal enzymes (3). One set of results is summarized in Table IV . In both cases an increase of activity after exposure to detergent was evident. However, the difference was much greater in uninfected than infected cells, so that the total enzyme in both was approximately equivalent.
In a second group of experiments protein synthesis was inhibited by adding parafluorophenylalanine (100 gg/ml) to the medium 4 hours before or at the time of infection with fowl plague virus and leaving it there after addition of virus. No production of virus or hemagglutinin was detectable after 18 hours, but acid phosphatase activity in the soluble fraction was increased as in the absence of parafluorophenylalanine (Table V) . In a parallel cytological study, chick embryo cell cultures treated with parafluorophenylalanine and infected with virus showed after 12 hours distinct cytopathic effects. Uninfected cells treated with inhibitor for the same time showed no demonstrable cytopathic effects.
In other experiments highly concentrated suspensions of partially purified fowl plague or influenza virus were incubated with lysosomal fractions obtained by differential centrifugation of homogenates of chick embryo cells. Incubations were carried out for 1 and 2 hours in 0.2 ~ tris-buffered Gey's solution, pH 7.4. The final concentration of virus in both cases was approximately 10 l° particles per ml. Neither virus produced any greater release of lysosomal enzymes into the supernatant fraction than was observed in controls without virus.
In order to test whether viral RNA is relatively resistant to degradation by lysosomal ribonuclease, experiments were carried out on a more convenient system. Extracts of RNA were made by the phenol method from crystalline encephalomyocarditis virus and from host cells (Krebs 2 ascites turnout cells). A lysosomal preparation was also made from ascites tumour cells by differential centrifugation, and this was incubated with viral and host cell RNA (10 #g/ml) for 2 hours at 37°C in 0.1 ~ acetate buffer, pH 5.0. Both substrates were degraded at about the same rate (Table VI) .
DISCUSSION
In previous work (7) infections by two highly cytopathic viruses, MHV-3 in ~vo and vaccinia virus in vitro, were shown to be accompanied by release of lysosomal enzymes from the particulate into the supernatant fractions of homogenates. A similar increase of enzyme activity in the supernatant fraction was found in the present experiments within 6 hours of infecting chick embryo cells with fowl plague virus, with further increases to 18 hours. These changes paralleled closely histochemical observations on the release of enzymes from lysosomes in the same infected cell system (16) . Such changes preceded the main rise of titer of infectious virus and the appearance of cytopathic effects by light or phase-contrast microscopy. No detectable change in enzymes occurred in chick cells infected with the Melbourne strain of influenza A virus, which multiplies in chick cells to approximately the same extent as fowl plague virus measured by hemagglutination, although the infectivity of the former is lower.
Neurath (17) has also found that infection of chick embryos with Sendai virus is accompanied by release of the lysosomal enzymes acid phosphatase, fl-glucuronidase, /~-glactosidase, and esterase. He suggests that esterase and leucine aminopeptidase activity associated with the virus may contribute to its hemolytic effect.
The first question to discuss is whether the appearance of enzyme in the supernatant fraction of infected cells involves de novo synthesis or redistribution of preformed enzymes. Quantitative studies in which enzyme was fully activated by Triton X showed equivalent amounts in infected and control cells, suggesting redistribution. Observation of increased enzyme activity in the supernatant fraction of infected cells even in the presence of high concentrations of parafluorophenylalanine suggests that protein synthesis is not involved. This result implies also that (at least in the case of fowl plague virus) no new synthesis of viral antigen is required to initiate the lysosomal changes. The concentration of inhibitor used, as previously shown by Zimmermann and Sh~fer (18) , completely suppresses synthesis of fowl plague virus antigens.
This finding raised the possibility that fowl plague virus particles might themselves become adsorbed to lysosomes and increase their permeability. However, when fowl plague or influenza viruses were incubated with suspensions of lysosomes from chick cells, no more release of lysosomal enzymes into the supernatant fraction occurred than in controls. Nevertheless, it is possible that a partial breakdown product of fowl plague viruses initiated the activation of lysosomal enzymes and cytopathic effects observed in parafluorophenylalaninetreated cells. Similar effects could have brought about damage in chorioallantoic cells described by Morgan and Rose (8) after infection with undiluted virus.
Our observations are also paralleled in another system by those of Newton et al. (19) who found breakdown of host cell DNA in HeLa cells from about 3 hours after infection with herpes simplex virus. Coincident with this, there was a marked increase in acid (lysosomal) DNAase in infected cells, which was not prevented by pretreatment with parafluorophenylalanine or puromycin (20) . At the same time, viral DNA was being synthesized, which suggests that this synthetic system is resistant to the lysosomal DNAase.
Similar problems are posed by the evidence already discussed (7, 16 ) that lysosomal enzymes are involved in virus "uncoating." If this is so, some at least of the virus nucleic acid must resist digestion by lysosomal nucleases. To test whether this is an inherent property of viral nucleic acid, we compared the rates of breakdown of RNA extracted by the phenol method from encephalomyocarditis virus and from a host cell (Krebs 2 ascites tumour cells) by lysosomal RNAase from the host cell. Both nucleic acids were broken down equally rapidly, suggesting that there is no inherent insusceptibility of virus nucleic acid to digestion. However, in the cell, virus nucleic acid may be partially protected by complexing with protein or in other ways, and the double-stranded replicative phase of RNA viruses is known to be resistant to pancreatic ribonuclease (21) . In connection with the uncoating process, observations of Joklik and Darnell (22) are of interest. Studying P3~-labelled poliovirus and HeLa cells, a wide diversity in the fate of adsorbed particles was found. Over 50 per cent rapidly dissociated from the cells at 37 ° C, but not at 0 ° C. Eluted virus was not readsorbed, contained the same amount of infectious RNA as the normal virus but the former was much more labile ~in cesium chloride. Almost all the adsorbed virus was rapidly broken down intracellularly, the p32 label then appearing in the acid-soluble fraction. An RNAase-susceptible high molecular weight stage is probably an intermediate in the process. This picture is consistent with what might be expected by lysosomal enzyme digestion in phagosomes, only a minority of virus initiating virus replication.
Although much remains to be learned, a role of limited and localized activation of lysosomal enzymes in virus uncoating, and a more widespread activation as an early event in the genesis of cytopathic effects, seems likely on the basis of existing evidence. The possible participation of lysosomal enzymes in two other processes initiated by viruses, namely polykaryocytosis and malignant transformation, also deserves consideration (23).
SUMMARY
In chick embryo cells infected with fowl plague virus, an avian strain of influenza A which produces cytopathic effects, lysosomal enzymes were released from the particulate to the supernatant fraction of homogenates within 6 hours of infection. This change occurred in the presence of high concentrations of parafluorophenylalanine, suggesting that the changes were due to redistribution of preformed enzymes rather than to de novo protein synthesis. No such changes were observed when the Melbourne strain of influenza A virus multiplied in the same cell system without cytopathic effects. The possible role of lysosomal enzymes in virus uncoating and in the genesis of cytopathic effects is discussed.
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